Histones are the fundamental components of the nucleosome. Physiologically relevant variation is introduced into this structure through chromatin remodeling, addition of covalent modifications, or replacement with specialized histone variants. The histone H3 family contains an evolutionary conserved variant, H3.3, which differs in sequence in only five amino acids from the canonical H3, H3.1, and was shown to play a role in the transcriptional activation of genes. Histone H3.3 contains a serine (S) to alanine (A) replacement at amino acid position 31 (S31). Here, we demonstrate by both MS and biochemical methods that this serine is phosphorylated (S31P) during mitosis in mammalian cells. In contrast to H3 S10 and H3 S28, which first become phosphorylated in prophase, H3.3 S31 phosphorylation is observed only in late prometaphase and metaphase and is absent in anaphase. Additionally, H3.3 S31P forms a speckled staining pattern on the metaphase plate, whereas H3 S10 and H3 S28 phosphorylation localizes to the outer regions of condensed DNA. Furthermore, in contrast to phosphorylated general H3, H3.3 S31P is localized in distinct chromosomal regions immediately adjacent to centromeres. These findings argue for a unique function for the phosphorylated isoform of H3.3 that is distinct from its suspected role in gene activation. mitosis ͉ cell cycle ͉ subtype modification T he building blocks of eukaryotic chromatin are nucleosomes that consist of 147 bp of DNA wrapped around histone octamers containing two copies each of the core histones H3, H4, H2A, and H2B (1). Covalent modifications of core histones, mostly occurring at the N termini, such as acetylation, methylation, and phosphorylation, can alter the conformation of nucleosomes and͞or function as specific binding sites for enzymes that, in turn, alter chromatin structure (2-6). Alternatively, variation in chromatin can be introduced through the incorporation of variant histones into the nucleosome. For example, in mammals, in addition to the centromere-specific CENP-A variant, two nonallelic variants of the canonical histone H3 (H3.1) have been identified. One of these, H3.2, is closely related to H3.1 and only differs in a cysteine-serine substitution at amino acid position 96 and belongs to the family of S phase-dependent subtypes (7). In contrast, the second isoform, H3.3, is expressed throughout the cell cycle and differs from H3.1 in five amino acids. H3.3 contains a serine (S) at position 31, whereas an alanine (A) is found at this position in H3.1 and H3.2 (see Fig.  1 A) . The other differences between H3.1͞H3.2 and H3.3 are substitutions in the globular domain of the proteins and are crucial for their distinctive deposition during cell cycle (8). In Drosophila cells, H3.3 is found predominantly at active loci (8) and is enriched in covalent modifications associated with active chromatin, such as K4 and K79 methylation (9). Recently, H3.1 and H3.3 were shown to be deposited into chromatin by two distinct histone chaperone complexes, CAF-1 and HIRA, which are necessary to mediate DNA synthesis-dependent and -independent nucleosome assembly, respectively (10). Furthermore, Tagami and colleagues (10) showed that histones H3 and H4 might exist as dimeric units that are important intermediates in nucleosome formation: namely, that H3.1 and H3.3 do not assemble together in one nucleosome, but rather, pair as ''homodimers.'' Taken together, these observations suggest that nucleosomes within euchromatin are enriched in the histone H3.3 variant.
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mitosis ͉ cell cycle ͉ subtype modification T he building blocks of eukaryotic chromatin are nucleosomes that consist of 147 bp of DNA wrapped around histone octamers containing two copies each of the core histones H3, H4, H2A, and H2B (1) . Covalent modifications of core histones, mostly occurring at the N termini, such as acetylation, methylation, and phosphorylation, can alter the conformation of nucleosomes and͞or function as specific binding sites for enzymes that, in turn, alter chromatin structure (2) (3) (4) (5) (6) . Alternatively, variation in chromatin can be introduced through the incorporation of variant histones into the nucleosome. For example, in mammals, in addition to the centromere-specific CENP-A variant, two nonallelic variants of the canonical histone H3 (H3.1) have been identified. One of these, H3.2, is closely related to H3.1 and only differs in a cysteine-serine substitution at amino acid position 96 and belongs to the family of S phase-dependent subtypes (7) . In contrast, the second isoform, H3.3, is expressed throughout the cell cycle and differs from H3.1 in five amino acids. H3.3 contains a serine (S) at position 31, whereas an alanine (A) is found at this position in H3.1 and H3.2 (see Fig.  1 A) . The other differences between H3.1͞H3.2 and H3.3 are substitutions in the globular domain of the proteins and are crucial for their distinctive deposition during cell cycle (8) . In Drosophila cells, H3.3 is found predominantly at active loci (8) and is enriched in covalent modifications associated with active chromatin, such as K4 and K79 methylation (9) . Recently, H3.1 and H3.3 were shown to be deposited into chromatin by two distinct histone chaperone complexes, CAF-1 and HIRA, which are necessary to mediate DNA synthesis-dependent and -independent nucleosome assembly, respectively (10). Furthermore, Tagami and colleagues (10) showed that histones H3 and H4 might exist as dimeric units that are important intermediates in nucleosome formation: namely, that H3.1 and H3.3 do not assemble together in one nucleosome, but rather, pair as ''homodimers.'' Taken together, these observations suggest that nucleosomes within euchromatin are enriched in the histone H3.3 variant.
Presented here is a demonstration of an H3.3 variant-specific posttranslational modification; we show that H3.3 is phosphorylated on S31 (H3.3 S31P) in vivo. H3.3 S31P is a mitosis-specific modification that differs from other mitotic marks, such as H3 S10P and H3 S28P, in both timing and localization. Whereas H3 S10 and H3 S28 phosphorylation first appear in prophase, persist until anaphase, and localize to outermost peripheral regions of the condensed DNA, H3.3 S31P is present only in late prometaphase and metaphase and forms a discrete speckled pattern over the dense region of the metaphase plate. Furthermore, like H3 S10P and H3 S28P, H3.3 S31P is excluded from centromeres. However, H3.3 S31P is enriched in distinct chromosomal areas immediately adjacent to centromeres. In contrast, H3 S10P and H3 S28P localize to the outer regions of chromosomes. Therefore, we provide evidence for a H3.3 variant-specific modification that is unique in its appearance in timing and localization during mitosis as compared with other general H3 mitotic marks. Our studies underscore an emerging theme, incorporation of histone variants into nucleosomes can alter the posttranlational modification ''patterns'' of the nucleosomes that incorporate them. Presumably, these changes, in turn, alter the DNAtemplated processes in which these nucleosomes participate.
Materials and Methods
Cell Lines. HeLa and HEK293 cells were grown in Iscove's DMEM supplemented with 10% FBS and 1% penicillin͞ streptomycin at 37°C and 5% CO 2 .
Histone Isolation. Nuclei were isolated by hypotonic lysis in buffer containing 10 mM Tris⅐HCl (pH 8.0), 1 mM KCl, 1.5 mM MgCl 2 , 1 mM DTT, 0.4 mM PMSF, and protease and phosphatase inhibitors. Pelleted nuclei were extracted by using 0.4 M sulfuric acid. The acid-soluble histones were precipitated with trichloroacetic acid and resuspended in water.
RP-HPLC.
Histones from nocodazole-arrested HEK293 and HeLa cells were separated by RP-HPLC on a C8 column (220 ϫ 4.6-mm Aquapore RP-300, PerkinElmer) by using a linear gradient of 35-60% solvent B (solvent A, 5% acetonitrile, 0.1% trifluoroacetic acid; solvent B, 90% acetonitrile, 0.1% trifluoro-acetic acid) over 75 min at 1.0 ml͞min on a Beckman Coulter System Gold 126 Pump Module and 166͞168 Detector. The H3-containing fractions were dried under vacuum and stored at Ϫ80°C.
Immunoblotting (IB). Total acid-extracted or RP-HPLC-purified histone H3 fractions were separated on SDS͞PAGE gel, transferred onto poly(vinylidene difluoride) membranes (Millipore), and stained with Ponceau S (Sigma) to ensure proper protein transfer. After incubation with primary antibodies that recognize specific histones or histone modifications (see Antibodies) and addition of a horseradish peroxidase-conjugated secondary antibody (Amersham Pharmacia), membranes were incubated with ECL-Plus substrate (Amersham Pharmacia), and proteins were detected by exposure to x-ray film (Amersham Pharmacia).
For peptide competition, the H3.3 S31P antibody was incubated for 1 h at 4°C with the following peptides (1 g͞ml) before its addition to the membrane: H3 unmodified, amino acids 19-35; H3 S10P, amino acids 1-20 with S10 phosphorylated; H3 S28P, amino acids 19-38 with S28 phosphorylated; H3.3 unmodified, amino acids 27-34; and H3.3 S31P, amino acids 27-34 with S31 phosphorylated. All peptides were synthesized and verified by MS at the Proteomics Resource Center of The Rockefeller University.
Immunofluorescence (IF) Microscopy. HeLa cells were grown on coverslips, washed, fixed in 1% formaldehyde-PBS solution, and permeabilized. After stepwise incubation with primary and then secondary fluorescent antibody, cells were stained with DAPI (Sigma) and mounted with Gel͞Mount solution (Biomeda, Foster City, CA). For costaining with two primary rabbit antibodies the same procedure was performed twice with an additional blocking step in between. Stained cells were analyzed on an Axioskop 2 plus and Axioplan 2 microscope (Zeiss), and image processing was carried out with SPOT ADVANCED (Diagnostic Instruments, Sterling Heights, MI), META VUE (Universal Imaging, Downingtown, PA), and PHOTOSHOP (Adobe Systems, San Jose, CA) software packages.
Chromosome Spreads (CS). HeLa cells were arrested in mitosis by 16-h treatment with 200 ng͞ml nocodazole (Sigma) and harvested by mitotic shake-off, and CS were prepared according to Perez-Burgos et al. (11) . Stained chromosomes were analyzed on a Delta Vision Image Restoration 1 ϫ 71 microscope (Olympus), and image processing was carried out with META VUE (Universal Imaging) and PHOTOSHOP (Adobe Systems) software packages. 
Results

H3.3 S31P Is a Mitosis-Specific Modification.
In mammals, the canonical histones H3.1 and H3.2 differ in five and four amino acids, respectively, from the H3 variant H3.3. One of these sequence replacements is found at amino acid position 31, where H3.1 and H3.2 contain an alanine (A) and H3.3 possesses a serine (S) (Fig. 1 A, see arrow) . H3.3 is evolutionary highly conserved and found in organisms from yeast to mammals, all containing S31 (S32 in Tetrahymena). This finding suggests that H3.3 is the common ancestor of histone H3 and that S31 might have a unique function. Because this residue is highly conserved, and because other serines in the N terminus (S10 and S28) have been shown to be phosphorylated during mitosis (9-11), we asked whether H3.3 S31 is phosphorylated and whether its phosphorylation might be cell cycle-dependent.
To address these questions, we used an antibody raised against a H3.3 S31P peptide (Abcam). Immunoblots with total acidextracted histones from HeLa cells showed that H3.3 S31 was phosphorylated only in mitotic (nocodazole-arrested) and not in asynchronous growing cells (Fig. 1B) . To validate the specificity of this antibody, we performed peptide competitions with a series of H3 synthetic peptides on immunoblots (Fig. 1C) . Only the H3.3 S31P peptide fully competed away the H3.3 S31P antibody signal on mitotic HeLa histones, suggesting that the H3.3 S31P antibody specifically recognizes H3.3 phosphorylated on S31.
To determine whether the observed H3.3 S31P antibody staining of mitotic histones (Fig. 1B) was specific to H3.3, human histone H3 isoforms (H3.1, H.3.2, and H3.3) from HEK293 cells arrested in mitosis were fractionated by RP-HPLC ( Fig. 2A) . Histone H3 eluted in two distinct peaks under our RP-HPLC conditions (Fig. 2 A, peak 1 is indicated by 1, peak 2 is indicated by 2). Analysis of the HPLC fractions by MS showed that peak 1 contained a mixture of both H3.2 and H3.3, and peak 2 contained H3.1 (data not shown). Mass spectra recorded on the material eluting on the front side of peak 1 were assigned to H3.2, and spectra recorded from the late eluting shoulder were assigned to the isoform H3.3 (see arrow in Fig. 2 A and data not shown). Analysis of the H3.3 containing fractions by tandem MS showed that H3.3 S31 is phosphorylated in vivo and therefore confirmed our biochemical data showing that phosphorylation of H3.3 S31 is a unique mitotic mark (for details see Supporting Text and Fig. 5A , which are published as supporting information on the PNAS web site). S28 or S31 phosphorylation is easily detected on the H3.3 fragments (amino acids 27-40) by tandem MS. Interestingly, to date, no evidence has been obtained for a H3.3 fragment containing dual phosphorylated S28 and S31 (see Supporting Text and Fig. 5B ). These data suggest that phosphorylation of S31 happens only in the absence of S28 phosphorylation, although we cannot exclude the existence of a rare population of dual phosphorylated peptides beyond our current MS detection limits. To further validate the purity of our H3 separation by RP-HPLC, all fractions from peak 1 and peak 2 were separated on SDS͞PAGE gels, and proteins were visualized by Coomassie blue staining (data not shown).
We then used the above H3-containing fractions for IB before probing the blots with antibodies against H3.3 S31P and H3 S10P͞S28P. A general H3 antibody was used as a loading control (Fig. 2B) . H3 S10P and H3 S28P antibodies stained all mitotic histone H3-containing fractions, regardless of the isoforms present. In contrast, the H3.3 S31P antibody recognized only H3 found in fractions that contained the H3.3 variant (fractions 68 and 69) and failed to react with fractions that contained H3.2 and H3.1. We also confirmed the specificity of the H3.3 S31P antibodies toward mitotic H3.3 by separating all three H3 species on 2D Triton acid-urea gels. Immunoblots with the H3.3 S31P antibody showed exclusive staining of the H3.3 spot and not spots for H3.1͞H3.2 (data not shown).
Additionally, -phosphatase treatment of H3.2-and H3.3-containing fractions removed essentially all of the phosphospecific signal seen with H3.3 S31P and H3 S10P͞S28P antibodies. This result underscores the dependency of the antibody on the presence of the phospho group in the context of the H3.3 sequence (Fig. 2C) . Taken together, these data suggest that H3.3 is specifically phosphorylated at S31 during mitosis. Furthermore, we demonstrated the specificity of the H3.3 S31P antibody toward H3.3 phosphorylated at S31. These findings stimulated further research aimed to define the mitotic stages that exhibit phosphorylation on H3.3 S31 (see below).
H3.3 S31P Is Restricted to Late Prometaphase and Metaphase Stages of Mitosis.
In mammalian cells, site-specific phosphorylation of H3 S10 and H3 S28 is initiated during prophase, peaks during metaphase, diminishes during anaphase, and disappears during telophase (12) (13) (14) . H3 S10P is also required for the initiation, but not maintenance, of mammalian chromosome condensation (15) . Therefore, we conducted IF experiments to determine at what stage of mitosis H3.3 becomes phosphorylated on S31. To better distinguish between the different mitotic stages, we used an antibody against the so-called passenger protein Aurora-B kinase. Aurora-B first localizes to chromosomes in prophase, becomes concentrated at the centromere in prometaphase and metaphase, moves to the central spindle in anaphase, and eventually localizes to the midbody in cytokinesis (reviewed in ref. 16 ). Costaining of HeLa cells with H3.3 S31P, H3 S10P, and H3 S28P antibodies (green), Aurora-B kinase antibody (red), and DAPI to visualize DNA (blue) showed that phosphorylation of H3.3 S31 is initiated during late prometaphase and peaks in metaphase ( Fig. 3 and see also Fig. 6A , which is published as supporting information on the PNAS web site). Phosphorylation of H3.3 S31 is not observed in interphase cells and is minimal in very early (prophase and early prometaphase) and late mitotic stages (anaphase and telophase). Therefore, the timing of H3.3 S31 phosphorylation differs from that observed for H3 S10P and H3 S28P, which are easily seen in prophase and anaphase stages (Fig. 3 Right) .
Localization of H3.3 S31P is also distinct from that observed for H3 S10P and H3 S28P. Strong staining of outermost, peripheral DNA regions was observed with the H3 S10P and H3 S28P antibodies (Figs. 3 and 6A) . In contrast, the H3.3 S31P antibody showed speckled staining of the dense region of the metaphase plate and no enrichment in outer DNA regions. To better visualize this effect, we costained late prometaphase and metaphase HeLa cells with H3.3 S31P (green) and H3 S10P͞ S28P (red) antibodies and confirmed that these different phosphorylation ''marks'' localize to different regions in the mitotic chromatin (Fig. 6A) . Additionally, costaining of HeLa cells with H3.3 S31P antibody (green), CENP-A S7P antibody (red), and DAPI (blue) confirmed that in prophase, when CENP-A becomes first phosphorylated on S7 by Aurora-B (17), H3.3 S31 is not phosphorylated (see Fig. 6B ). We conclude that H3.3 S31P is a unique mitosis mark that is restricted to late prometaphase and metaphase stages of mitosis in HeLa cells.
H3.3 S31P Surrounds but Is
Excluded from Centromeres. Because H3.3 S31P occurs at a very defined time frame during mitosis (late prometaphase and metaphase) and seems to be present in different chromosomal regions than H3 S10P͞S28P, we investigated the exact localization of H3.3 S31 phosphorylation on metaphase chromosomes. Interestingly, IF of CS with H3.3 S31P and H3 S10P͞S28P antibodies showed staining of distinct areas of metaphase chromosomes (Fig. 4) . Consistent with previous research (16), we found H3 S10P and H3 S28P on the outer regions of chromosomes, excluded from centromeric and inner DNA-dense regions, and enriched in telomeric areas. In contrast, we observed H3.3 S31P on a distinct chromosomal location but not on the outer regions of chromosomes. To probe the location of H3.3 S31P further, we conducted costaining experiments on CS with antibodies to both H3.3 S31P (green) and Aurora-B kinase (red). The latter protein is known to localize to inner centromeres at metaphase (17) . We found that H3.3 S31P and Aurora-B kinase occupy chromosomal regions in close proximity, but did not colocalize. Staining of CS from HeLa cells, expressing H3.3 fused to Flag͞hemagglutinin peptide tags [gift from Y. Nakatani, Harvard Medical School, Boston (10)], with antibodies against hemagglutinin and H3.3 S31P showed that H3.3 localizes to the entire chromosome. In contrast, phosphorylation of S31 occurred only in distinct areas surrounding the centromeres (data not shown). These data suggest that only a subpopulation of H3.3 is phosphorylated at S31. We conclude that localization of H3.3 S31P on metaphase chromosomes is distinct from that of phosphorylated H3 S10͞S28 and is restricted to regions immediately surrounding centromeres.
Discussion
Historically, chromatin domains have been broadly classified into two forms: euchromatin, regions that are decondensed and thought to represent loci that are transcriptionally active, and heterochromatin, regions that are highly compacted and associated with silent DNA. Interestingly, some of these specialized domains in chromatin are enriched or diminished for specific histone variants, such as the H3 variant H3.3. For example, in Drosophila cells, H3.3 was found exclusively in active loci (8) and enriched in ''active'' modifications (9) . However, we know of no other H3.3-specific modifications, i.e., marks that can distinguish it from its major H3 counterparts, H3.1 and H3.2. We show here that H3.3 is phosphorylated on the unique serine at amino acid position 31 during mitosis in vivo. In addition to CENP-AS7P (15), we have shown the existence of a H3 variant-specific covalent modification that cannot occur on the major members of the H3 family.
Histone phosphorylation occurs in many organisms and is associated with a wide range of biological functions, such as apoptosis (H2B S14P) (18) , DNA repair (H2A.X S139P) (19) , inducible gene activation (H3 S10P) (20) , and mitosis (H3 S10P, H3 S28P, and T11P) (12, 14, 21) . Whereas a mitosis-specific phosphorylation of H3 S10 and H3 S28 is necessary for the initiation of chromosome condensation in ciliates (22) , a causal link is less clear in other organisms (23) . Members of the Aurora AIR2-Ipl1 serine͞ threonine kinase family (Aurora-B in mammals) are responsible for many of these phosphorylation marks (24) , and their action is counterbalanced by the activity of type 1 phosphatases (PP1), which remove the phosphate from H3 S10 in late anaphase and telophase (25) . Although phosphorylation of H3.3 S31, H3 S10P, and H3 S28P occurs during mitosis, the initiation and progression of phosphorylation at H3.3 S31 differs from that of H3 S10͞S28 in both time and space. Because of these differences, it is unlikely that Aurora-B kinase is responsible for H3.3 S31 phosphorylation. Additionally, comparison of sequences surrounding known histone targets of Aurora-B, H3 S10, H3 S28, and CENP-A S7 (17) suggests that this kinase has a preference for basic amino acids in positions Ϫ2 and Ϫ1 with regard to the phospho-acceptor site (see Fig. 1 A) . In position Ϫ2, all of the above sequences contain an arginine, which is likely important for Aurora-B target recognition and͞or binding. In contrast, the Ϫ2 and the Ϫ1 positions relative to H3.3 S31 are alanine and proline. Moreover, Aurora-B, a member of the so-called passenger protein family (26) , first localizes to chromosomes in prophase at the time H3 S10͞S28 and CENP-A S7 phosphorylation is initiated, then becomes concentrated at the centromeres in prometaphase and metaphase, and eventually moves to the central spindle in anaphase (ref. 27 and reviewed in ref. 16 ). Because we did not observe overlapping staining of H3.3 S31 phosphorylation and Aurora-B on metaphase chromosomes (Fig. 4) , it seems likely that a different mitotic kinase other than Aurora-B is responsible for phosphorylating H3.3 at S31.
Our studies report the existence of a unique H3.3 variant modification and add weight to emerging data, suggesting differences in biological function of H3.3 compared with H3.1 and H3.2 (6, 7). It is possible that, unlike H3 S10 and H3 S28 phosphorylation, phosphorylation of S31 is not necessary for chromosome condensation, especially if H3.3 S31P occurs only in the absence of S28P. Because of the late appearance of S31 phosphorylation in only a subpopulation of H3.3 in late prometaphase and metaphase and its distinct distribution around centromeres, it seems unlikely that this modification plays any pivotal role in the initial chromosome condensation event. What function then does H3.3 S31P serve? Speculative functions might include a role in the protection of euchromatin from the spreading of pericentric heterochromatin or a role in marking some H3.3 for replacement with canonical histone H3. Additionally, it is presently unknown whether a ''transacting'' binding protein exists that recognizes the phospho group on H3.3 S31, and if so, in what functional pathway it is involved. Because H3.3 S31 is conserved from yeast to human it will be of interest to determine whether S31P is also used during mitosis (or meiosis) in organisms other than human. Ongoing studies such as these may reveal insights into the function of the phosphorylation of S31 in H3.3 during mitosis in those organisms that use this mark. Fig. 4 . Phosphorylation of H3.3 S31 resides in a distinct chromosomal region immediately surrounding centromeric regions on metaphase chromosomes. CS of HeLa cells were stained with antibodies against H3.3 S31P, H3 S10P, and H3 S28P (green) and costained with an antibody against Aurora-B (red). DNA was visualized with DAPI (blue). H3.3 S31P antibody, in contrast to H3 S10P and H3 S28P antibodies, which stain outer regions of chromosomes, shows specific staining of chromosomal regions adjacent to centromeres. Higher magnification of one chromosome (star) is shown on the right of each staining panel. (Magnification ϫ100.)
